We report the purification of two peptides, called "imperatoxin inhibitor" and "imperatoxin activator," from the venom of the scorpion Pandinus imperator targeted against ryanodine receptor Ca2+-release channels. Imperatoxin inhibitor has a Mr of 10,500, inhibits [3Hjryanodine binding to skeletal and cardiac sarcoplasmic reticulum with an EDso of 10 nM, and blocks openings of skeletal and cardiac Ca2+-release channels incorporated into planar bilayers. In whole-cell recordings of cardiac myocytes, imperatoxin inhibitor decreased twitch amplitude and intracellular Ca2+ transients, suggesting a selective blockade of Ca2+ release from the sarcoplasmic reticulum. Imperatoxin activator has a Mr of -8700, stimulates [3H]ryanodine bind in skeletal but not cardiac sarcoplasmic reticulum with an ED50 of -6 nM, and activates skeletal but not cardiac Ca2+-release channels. These ligands may serve to selectively "turn on" or "turn off" ryanodine receptors in fragmented systems and whole cells.
muscle, these channels transduce membrane voltage, sarcolemmal Ca2+ entry, and other external stimuli into an increase in the Ca2+ permeability of the sarcoplasmic reticulum (SR) (2) . Elucidation of the mechanism of Ca2+ release from intracellular stores depends critically on the specificity of pharmacological agents to selectively alter a single intracellular Ca2+ channel type. The alkaloid ryanodine is presently the only ligand available to dissect the contribution of ryanodine receptors to intracellular Ca2+ release in situ. However, the usefulness of this compound is limited by the fact that it has an extremely slow association and dissociation kinetics that makes the onset of the pharmacological effect slow and essentially irreversible (3) . To accelerate the onset, micromolar instead of nanomolar levels of ryanodine are used, but at micromolar concentrations the alkaloid inhibits other Ca2+ channels (4) . Furthermore, certain concentrations of ryanodine may open the Ca2+-release channel while others may block it (5), leading to ambiguous results (6) . Alternative ligands that act fast, reversibly, and in a simple manner should be more helpful in establishing the contribution of ryanodine receptors to intracellular Ca2+ signals.
Scorpion venoms have traditionally represented an invaluable source ofpeptide toxins specific for a single channel type (7) . In the present report, we screened venom from several genera of scorpions with the hope of finding peptides specific for ryanodine receptors. We purified two peptides from the venom of Pandinus imperator that selectively blocked [imperatoxin inhibitor (IpTxi)] or activated [imperatoxin activator (IpTxa)] ryanodine receptors of skeletal and cardiac muscle. Part of these results have been communicated in an abstract form (8) .
EXPERIMENTAL PROCEDURES Purification of Scorpion Toxins. Lyophilized P. imperator venom was obtained from Latoxan (Rosans, France). Venom (50 mg per batch) was extracted in 2-3 ml of deionized water and chromatographed on a column (1. 5 x 125 cm) of Sephadex G-50 fine. Fractions were eluted with 20 mM NaOAc (pH 4.7) at a flow rate of 10 ml/hr. Fraction II containing IpTxi and fraction III containing IpTxa described in Fig. 1B were applied separately to a column (1 x 25 cm) of carboxymethyl (CM)-cellulose 32 (Pharmacia) equilibrated with 20 mM NaOAc (pH 4.7). Peptides were eluted at a flow rate of 12 ml/hr with a linear gradient of 250 ml of 20 7.4 at 350C with NaOH. After establishing the whole-cell configuration, there was a small depolarization from -72 + 2.5 mV after 1 min to -69 3.9 mV after 10 min in control cells (n = 6) and a small hyperpolarization from -70.6 3.4 mV after 1 min to -71.3 ± 4.7 mV 5 after 9 min in the presence of toxin (n = 6). These changes were not found to be statistically significant. ,, 'A Others. Skeletal and cardiac SR were prepared from rabbit back and leg white muscle or bovine myocardium in the presence of protease inhibitors as described for skeletal SR (15) . Planar bilayer composition and CsCl solutions used in cis and trans chambers have been described (16 Fig. 1 legend) , that of P. imperator was the only venom to produce a profound inhibition of [3H]ryanodine binding (Fig. 1A) . In a standard assay containing 0.2 M KCl, 10 mM free Ca2+, and 7 nM [3H]ryanodine (pH 7.2), the inhibition produced by whole Pandinus venom in cardiac and skeletal SR was dose dependent with a half-maximal effect at a venom concentration of 10 ug/mi (Fig. 1A) . After fractionation on Sephadex G-50 (Fig. 1B) (Fig. 3A) or reduced the activity of a similar channel from bovine heart by a factor of 10 ( Fig. 3C) . On the other hand, IpTxa produced a 3-to 4-fold activation of a skeletal channel (Fig. 3B ) but, surprisingly, had little effect on cardiac channels (Fig. 3D) with an ED50 of -6 nM in skeletal SR but had no effect on cardiac SR (Fig. 4B) IpTxi, there was a much greater decline in twitch shortening.
The latter occurred in parallel with the increase in the Indo-1 signal as the contents ofthe pipette diffused into the myocyte. The twitch shortening, 5 to 9 min after establishing whole-cell recording in the IpTxi-treated myocyte, corresponded to 1.8 ± 0.9%o of the cell length or 9%o of the contraction seen in controls after 10 min. Fig. SB shows changes in intracellular Ca2+ transients underlying the changes in cell length shortly after rupturing into the cell (1 min) and after the onset of IpTxi (7 min A cardiac isoform is expressed in heart and brain, whereas a homologous skeletal muscle isoform is expressed in both fast-twitch and slow-twitch muscle (19) . Functional differences between the two isoforms have been found in the conductance of the channel (20) , in the Ca2+-dependence of activation and inactivation (21) , and in the binding of monoclonal antibodies raised against one isoform that do not cross-react with the other isoform (22 IpTxi diffuses into the cell at a slower rate than Indo-1 (Mr 800) and only a small quantity of Indo-1 had diffused into the cell, little IpTxi had diffused into the cell at this time. However, at longer times (5-9 min), the twitch decreased to <10%o of that seen in controls under similar conditions. We found these results to be consistent with a selective effect of the toxin on the ryanodine receptor in situ. First, after the onset of IpTx;, there was a slowing of the rate of relaxation of the Ca2+ transient that was consistent with the removal of a functional SR (23) . Second, since there was no effect of IpTxi on resting Ca2+, the steady-state uptake and removal of cytosolic Ca2+ by the sarcolemma was probably not affected.
Finally, IpTxi decreased [3H]PN200-110 binding to some extent, but this was unlikely to have influenced sarcolemmal Ca2+ currents. Under the assumption of a stoichiometric correspondence between DHP binding to the DHP receptor and inhibition of Ca2+ current, which is highly unlikely (24), a 40% decrease in Ca2+ current would not be large enough to have the profound effects that IpTxi has (25) . Resting K+ currents were also unaffected, since the toxin did not change the resting potential of test cells. All these observations strongly suggest that IpTx; uncoupled excitation and contraction in rat ventricular myocytes by a specific inhibition of the ryanodine receptor.
Imperatoxins should be useful in understanding how intracellular Ca2+ signals are generated in muscle, neurons, and other cells containing ryanodine receptors and to identify the contribution of ryanodine receptors to intracellular Ca2+ waveforms. In the case of striated muscle, the toxins could establish the contribution of Ca2+-induced and voltageinduced Ca2+ release to excitation-contraction coupling, both of which could involve opening of ryanodine receptors.
